The electronic structure of layered molybdenum trioxide MoO 3 is highly sensitive to changes in oxygen stoichiometry as Mo 6+ has an empty 4d shell. Applications of MoO 3 are responsive to small changes in vacancy concentration, with some functions relying on a narrow window of oxygen non-stoichiometry. Difficulties in analyzing the energetics of oxygen vacancies by computational methods stem from the inability to accurately model the layered structure of MoO 3 . One unit cell parameter is governed by long range forces across the structural gaps and these dispersed interactions are not well described by conventional density functional theory (DFT) methods. With the exchange functional vdW-DF2 we accurately model the structure, in good agreement with experimental data. This basis allows exploration of the effect of oxygen non-stoichiometry on the electronic structure and properties of the oxygen deficient material.
INTRODUCTION
Transition metal oxides are known for their remarkable optical and electrical properties with wide-ranging conductive and magnetic characteristics resulting from partially filled cation dshells. Molybdenum trioxide (MoO 3 ) is notable for its photo-, gaso-, thermo-and electrochromism, high catalytic activity and variable band gap. [1] [2] [3] [4] [5] [6] [7] In stoichiometric MoO 3 the Mo 6+ cation has an empty 4d shell, however, the material is stable, and often utilized, in an oxygen deficient state. Oxygen vacancies donate electrons to the Mo 4d states, which are responsible for many desirable and a few detrimental characteristics of the material. [8] [9] [10] As oxygen vacancies play an important role in MoO 3 , understanding the effect of oxygen vacancies on the structural and electronic properties is imperative to the majority of applications. In addition, MoO 3 is in the family of inorganic layered compounds held together by weak nonlocal forces, into which there is a growing body of research. Inclusion of nonlocal bonding in the computation of MoO 3 helps with the description of anisotropic bulk properties as well as supporting the use of twodimensional sheets, belts and flakes in many electronic devices. [10] [11] [12] [13] [14] [15] The thermodynamically stable phase of MoO 3 is a unique orthorhombic layered structure ( Figure 1 ), space group Pbnm, with each layer comprising two sub-layers of MoO 6 distorted octahedra, edge-sharing along the c-axis and corner-sharing along the a-axis. The layers are bound by weak, mainly van der Waals, interactions and the separation between the layers is known as the van der Waals gap. There are three unique oxygen positions, O1 -singly coordinated by a double-bond to the molybdenum atom, apical on the octahedron; O2 -doubly coordinated and asymmetrically bridging the corner-sharing of the octahedra; and O3 -which is triply coordinated and symmetrically bridges the edge-sharing.
4 Figure 1 . Crystal structure of MoO 3 showing the three inequivalent oxygen positions and the van der Waals gap. O1 is the apical oxygen; O2 is corner-sharing and O3 edge-sharing.
Stoichiometric MoO 3 is a wide-gap semiconductor with a band gap of 3.2 eV and a 4d 0 electron configuration. 16 The conduction band minimum (CBM) is composed primarily of empty Mo 4d states and the valence band maximum (VBM) of O 2p states. Oxygen vacancies both donate electrons to the Mo 4d states and reduce the crystal field sufficiently to allow the formation of extended 4d gap states. 17 Photovoltaics is a rapidly growing technological field and one in which MoO 3 has found several niches, being used as an electron injection layer in organic solar cells and gaining interest as an absorbing material in new generations of solar cells. 9, [18] [19] [20] [21] [22] Due to the importance of energy level alignment, interband transitions and optical properties in photovoltaic applications, awareness of the effect of oxygen non-stoichiometry on the electronic structure of MoO 3 is 5 imperative for design of high-efficiency devices. Vacancy induced band gap states in MoO 3 have been utilized for sub-band gap transitions and enhancement of solar cell device performance. 10, 19, 21 Critical for operation, the stability of oxygen defects was found to be dependent on the method of reduction, due to differences in bonding dependent on position in the structure. 9 The bonding types were examined in the context of surface reconstruction in a theoretical study by
Coquet et al. on slab models. 23 Related theoretical works have looked at lattice distortions, doping and electronic structure effects in MoO 3 and MoO 2 , but the energetics and consequences of oxygen vacancy formation in MoO 3 has not been studied in detail. [24] [25] [26] [27] One reason for this may be the challenges of modelling the layered structure accurately due to weak interactions between the layers, necessitating the use of surface models or artificially constrained lattice parameters. The development of van der Waals exchange correlation functionals in density functional theory (DFT) enables a self-consistent treatment of the dispersive interactions and lately these have proven useful in dealing with the layered structure of MoO 3 . 24, [28] [29] [30] Where past studies have been restricted by cluster or slab models, in this study we apply exchange functionals used with the van der Waals density functional vdW-DF to stoichiometric MoO 3 . In addition, the DFT+U method is used to reproduce the experimentally observed gap states arising from oxygen deficiency. We compare the energetics of symmetry inequivalent vacancies in MoO 3 , finding the defects to have similar and very small energies of formation, and elucidate the effect on the ionic and electronic structure.
COMPUTATIONAL DETAILS
DFT calculations were performed using the Vienna ab initio Simulation Package (VASP) with the projector augmented wave (PAW) pseudopotentials Mo_sv (4s  2 4p  6 5s  1 4d  5 ) and O_h   (2s  2 2p  4 ) . [31] [32] [33] [34] Due to the dispersion interaction between the layers of the structure, the vdW-DF 6 approach was taken and the unit cell was optimized based on testing various exchange functionals used with vdW-DF. The functionals perform optimally for the hard oxygen pseudopotential supplied with VASP. Convergence was reached for an energy cut-off for the plane-wave basis set of 810 eV. For a 2x1x2 supercell a 4x2x4 Gamma centred k-point grid was used for Brillouin zone integration, with equivalent k-point density used for larger supercells. All considered structures were fully optimized until the residual forces on the ions were less than 0.01 eV for stoichiometric cells and less than 0.05 eV for defect cells. The DFT + U approach of Dudarev et al. was applied in addition to the vdW-DF method to better describe the energy levels of the Mo 4d orbitals. 35 
RESULTS

Stoichiometric MoO 3 .
The structure of MoO 3 includes mixed ionic-covalent bonds within the layers of octahedra and mixed electrostatic and van der Waals bonding between the layers. 36 The latter are dispersed interactions and are not well described by traditional DFT, which uses local or semi-local functionals. The exchange functionals used with vdW-DF aim to approximate nonlocal forces with the exchange-correlation energy taking the form of where E x GGA is the exchange energy taken from the generalized gradient approximation (GGA), E c LDA is the correlation energy from the local density approximation (LDA) and the E c nl energy
term is an addition of the non-local correlation effects. 37 The five vdW-DF exchange correlation functionals vdW-DF, 37 vdW-DF2, 38 vdW-DF-optPBE, 28 vdW-DF-optB88 28 and vdW-DFoptB86b 29 were tested for MoO 3 along with LDA and GGA. The geometry was fully optimized and the resulting lattice parameters and band gaps are compared with experimental values in ∆ is the deviation from experimental values. 16, 39 T → 0 K, ZPEC is the lattice parameters corrected for thermal expansion and zero point anharmonic expansion. 40 In addition, the experimental lattice parameters with thermal expansion and zero point anharmonic expansion corrected to 0 K as calculated in Ref. 40 are shown. The functionals vdW-DF2 and vdW-DF-optPBE give the best match to the lattice parameter across the van der Waals gap, b. vdW-DF2 is slightly underbinding and -optPBE slightly overbinding but both are below 1 % deviation compared to both original and 0 K corrected lattice parameters. There is underbinding when GGA and vdW-DF are used, consistent with results for other van der Waals systems. 41 However, -optB88 and -optB86b have previously performed better on layered crystal 8 could not be as accurately described by the vdW-DF approach as MoS 2 . 42 Continuing on this assumption that MoO 3 is unusual for a van der Waals structure, some explanation can be given by considering the repulsive forces at short separations. These have been shown to be important for transition metals, in contrast to the long range separations generally dominating in van der Waals systems. [43] [44] [45] [46] The order of the functionals in the table follows the gradient of the exchange enhancement factor (F x ) with small reduced density gradients (s), s < 1, included in the models, being steep for GGA and vdW-DF and flat for LDA. 29 Looking at lattice constant b, the length decreases going down the table, suggesting a correlation with F x at small s. The same trend from vdW-DF to LDA can be seen with the a parameter, in which direction the octahedra are cornersharing, giving some flexibility in ionic positions. In the c direction where the octahedra are edge-sharing, giving more rigid ion positions, there is no clear trend with the various functionals and all give a reasonable approximation. Thus, it seems that the short range forces may be dominating the binding of the structure. There is support for this view from previous studies which have found that variations in binding amongst layered structures comes from covalent bonding rather than van der Waals components, and that the transition metal species strongly affects the binding energy difference between compounds. 11 Based on these observations, both the vdW-DF2 and vdW-DF-optPBE treatment of non-local forces can be used for good approximations of lattice constants for the MoO 3 structure.
The electronic band gap is typically underestimated by around 40% with the local density approximation (LDA). 47 Here, all functionals gave a significant underestimation of the band gap, with LDA being the furthest off at 54.2% deviation from the experimental value, whilst the vdW-DF functional came closest with only 32.4% deviation. The differences in band gap are mainly an indirect effect of the choice of functional and can largely be attributed to the change in 42 Due to its accurate description of the unique crystal structure of MoO 3 , the vdW-DF2 functional was chosen to continue the investigation into oxygen vacancies.
As the vdW-DF method cannot account for the strong correlation between Mo 4d electrons which charge compensate an oxygen vacancy in a neutral cell, the DFT + U approach of Dudarev et al. was applied to the molybdenum 4d orbitals. 35 Determination of U for molybdenum oxides is not straightforward. [48] [49] [50] [51] The fully ab initio linear-response approach was found to breakdown for early transition metal oxides including MoO 2 . 51 Calibration with empirical data has struggled due to the empty 4d orbitals in MoO 3 , resulting in a limited response to U on lattice parameters and band gap width. 48, 49 A thermochemical basis has been used previously in which a high U of 8.6 eV was chosen. 50 However the authors later question the validity of this due to the error introduced by calculation of the O 2 molecule needed to fulfill the thermodynamic relations. 49 In addition, empirical comparisons are hampered in these cases by poor treatment of van der Waals interactions by GGA exchange functionals, exhibited by overestimation of lattice parameters. 49, 50 This will correspond to underestimation of thermodynamic quantities such as absorption energies, and using these as a basis will lead to a severe choice of U that may not reflect the electronic structure. Despite this, a strong electron correlation is still expected in electrons replicated by U = 6.3 eV. 23 Use of hybrid DFT functionals is unsuitable here due to the The density of states (DOS) was calculated for a range of U for the MoO 3 structure with an oxygen vacancy at the O2 position. Without using the DFT + U method the calculated Mo 4d
states introduced by the oxygen vacancy appear high up in the conduction band, an overly delocalized estimation due to the unphysical self-interaction of d-electrons included in DFT. 23 The U parameter was applied to modify these states and Figure For all values of U, defect cells have a band gap smaller than the calculated value for the stoichiometric structure. This is due to the defect deforming the octahedral geometry, causing changes in the orbital overlap, although smearing of the d-states caused by the Hubbard U term could also contribute. 24 The ordinary trend is that increasing U widens the band gap due to the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 the gap state position being comparable to experimental values. 10, 16 This is in keeping with the strongly correlated behaviour previously found.
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Oxygen vacancy formation energies. Properties of MoO 3 that originate from oxygen vacancies will be regulated by the vacancy concentration. Defect concentrations are determined by formation energies, which depend on the structural changes and the charge of the defect. The formation energy of a point defect is defined as where ‫ܧ‬ ୢୣ _ୡୣ୪୪ is the total energy of the defect-containing system consisting of n i atoms, with atomic chemical potential µ i . From this the total energy of the perfect stoichiometric cell, ‫ܧ‬ ୮ୣ୰ _ୡୣ୪୪ , is subtracted with the sum over the removed species for mass balance. For a cell with charge q the expression is expanded to account for electroneutrality, where the electrons in the system are described by their chemical potential which can be taken as the Fermi energy E F measured relative to the valence band maximum E VBM . The effect of artificial periodicity is accounted for by an image charge correction. In addition, the imposed cell charge must be balanced by a potential alignment term, ∆ν. 52, 53 There are several schemes available to do these corrections. One system applicable to anisotropic crystal structures is the method of Makov and Payne, which takes the Madelung energy, α, and the dielectric constant, ε, into account. 54 Within this model there is finite scaling of the defect formation energy with supercell size. This can be applied to correct for finite-size effects by treating neutral cells with linear extrapolation and charged cells with a second order 56 The linear fits are shown in Figure 3 for the oxidizing limit. The 3x1x3 defect energies of formation and corrected defect energies of formation for vacancies on the three oxygen positions are given in Table 2 . In the oxygen rich limit the neutral formation energies are large at all vacancy positions. The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 energies of 6.8-7.6 eV. 25 However, the lowest energy of formation was reported to be on the O3
position. This discrepancy is likely due to the fact that the geometry of the cluster was not optimized. This is further supported by the DFT + U work of Coquet et al. who calculated the stability of vacancies to follow the same order as found here. 23 In the reducing limit the formation energies are small for neutral cells and highly negative for charged cells. This is corroborated by the ready reduction of MoO 3 . 57 Furthermore, an estimation made by Gai et al., based on thermodynamic relations and experimental data, predicted a low enthalpy of vacancy formation of 0.4 eV ± 0.1 eV at 298 K. 58 As this estimation is an average over a range of oxygen stoichiometries, it is logical that the values given here differ as they correspond to vacancy formation in the dilute limit. The dilute limit is quickly surpassed in MoO 3-x as vacancy ordering and extended defects form at low temperatures and at concentrations of oxygen vacancies as low as x = 0.001. 59 Such ordering increases the configurational entropy and acts to stabilize the system, increasing the energy of formation of defect formation with progressive reduction.
The different charge states of the defects are considered in Figure 4 , a plot of the formation energies in both oxygen conditions as a function of the Fermi energy. For alignment the Fermi energy is set at zero at the top of the valence band, and the band gap is taken as that of the stoichiometric cell. There is a transition from the +2 state to the neutral state as we move through the band gap. There is no range of E F where the +1 charge state is stable. These transition energies relative to the VBM are given in Table 3 . The O1 vacancy has the deepest transition energy and the O2 has the shallowest. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 effects on the vacancy containing octahedra are examined in Figure 6 , which shows Mo-O bond lengths and select bond angles compared to the stoichiometric octahedron. The O2 and O3 vacancies further distort the octahedron, whereas the O1 vacancy allows straightening of the
[100] oriented bonds, from 167° to 175°, restoring some of the octahedral symmetry. The apical oxygen on both the Mo ions with an O2 and an O3 vacancy moves away from its approximate
[010] alignment and towards the vacant site; in the case of vacant O2 the opposite ∠O1O2
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